ABSTRACT The rates of spontaneous mutation to 6-thioguanine resistance were determined in fibroblasts derived from normal and two Bloom syndrome individuals (GM 2548 and GM 1492). Two methods were utilized to determine the rates. Method I obtained the spontaneous mutation rate from the increase in the mutation frequency of a cell population in logarithmic-phase growth over 10 days. The two Bloom syndrome strains had spontaneous mutation rates of 16 X 10-6 and 17 x 10-6 mutations per cell per generation, whereas two normal strains had rates of 1.5 X 10-6 and 1
ticularly breakage and homologous rearrangements (6) (7) (8) . In addition to the chromosome instability, these cells have a manyfold increase in sister-chromatid exchanges (SCE) over normal cells, such that a markedly elevated frequency of SCE may be considered pathognomonic of Bloom syndrome (9) (10) (11) .
Because of the chromosome breakage, elevated SCE frequency, and predisposition to develop cancer, Bloom syndrome frequently has been listed as a DNA repair-defective syndrome (12) . Although there have been conflicting reports of cellular sensitivity to UV irradiation or ethylmethanesulfonate exposure (13, 14) , various measurements of the DNA -repair capacities of Bloom syndrome-cells after DNA damage strongly suggest that the repair functions, as.presently understood, are intact (15) (16) (17) (18) (19) (20) (21) (22) (23) . However, evidence provided by Hand and German (24, 25) indicates that DNA replication rather than repair may be abnormal in Bloom syndrome. These authors observed a significantly slower rate of DNA chain growth along the replicon in fibroblasts and in lymphocytes obtained from individuals with Bloom syndrome. Although this may be dependent on cell density (26), Giannelli et al. (13) provided further support for the contention that semiconservative replication is abnormal in Bloom syndrome fibroblasts, as is evident from the observations of a delayed rate ofDNA chain maturation and a cell-cycling disturbance. DNA replication abnormalities have been shown to influence the degree of fidelity of the replicating unit in prokaryotes (27, 28) , and in rodent cells mutator activities have been shown to be associated with mutations that affect DNA.replication (29, 30 The pooled cells from each strain were plated as described for the determination of the second mutation frequencies, MF2. N1 and N2 were determined from hemacytometer counts on the pooled cells without correction for cloning efficiency. The second protocol, Method II, was a modification of fluctuation analysis (37, 38 In (NIN,) [1] For the fluctuation analysis (Method II), the spontaneous mutation rate was calculated in two ways. The first was derived from equation 4 of Luria and Delbruck (37): mC a (N -N0)/ln2' [2] in which C is the number of replicate cultures (dishes). The second calculation of a is based on equation 8 of Luria and Delbruck (37) as formulated by Capizzi N1, the cell number at the beginning of the growth period, and N2, the cell number at the end of 10 days of growth, were determined from hemacytometer counts uncorrected for cloning efficiencies (CE1 and CE2). lated either from the direct mean observed or from the Po number, which assumes the 6SGuar colonies were in a Poisson distribution among the dishes. The observed and calculated m values were all reasonably close to one another for each strain, which indicates that satellite colony formation did not occur to a significant degree.
Mutation frequencies (Table 3) were calculated by using the data in Tables 1 and 2 . The mutation frequencies increased for all four strains over the 10-day growth period, with the two Bloom syndrome strains showing the greatest change. Spontaneous mutation rates for the two Bloom syndrome strains were 16 X 10-6 and 17 x 10-6 mutations per cell per generation in GM 2548 and GM 1492, respectively. Control strains NSF-i and NSF-4 had spontaneous mutation rates of 1.5 x 10-6 and 1.1 x 10-6 mutations per cell per generation, respectively. Rates for the control strains are in close agreement with published rates for normal diploid human fibroblasts at the HGPRT locus (38) . These data indicate an approximately 10-fold increase in the spontaneous mutation rate in Bloom syndrome fibroblasts as compared to normal fibroblasts at this locus.
Spontaneous Rate of Mutation from Method H. Results of the fluctuation analysis are shown in Table 4 . Ten 6SGuar colonies from 75 replicate cultures (dishes) and 20 6SGuar colonies from 68 cultures were observed in control strains NSF-4 and Spontaneous mutation frequencies MF1 and MF2 to 6SGuar of the cell population at the beginning and end of the 10-day growth period, respectively, expressed as mutations per cell corrected for cloning efficiencies. The spontaneous mutation rate was calculated from Eq. 1 by using m of Table 2 and was expressed as mutations per cell per generation.
NSF-791 respectively. In contrast to this, 58 6SGuar colonies from 88 cultures and 43 6SGuar colonies from 79 cultures were observed in Bloom syndrome strains GM 1492 and GM 2548, respectively. The distribution ofthese resistant colonies among the cultures and the increase of mutant colonies among the Bloom syndrome strains is seen in Fig. 1 .
Calculation of the mutation rates (Table 4) was first with Eq. 2, using m derived both from the mean colonies per dish and the Po number. These spontaneous mutation rates again show the Bloom syndrome cells with a higher rate over controls. However, Eq. 2 does not correct for cloning efficiencies, which are considerably lower in the Bloom syndrome cultures. When the cloning efficiencies are incorporated into the calculations by using Eq. 3, all the rates increase; however, the Bloom syndrome strains rates are significantly greater than the control strains. These data again suggest that Bloom syndrome has an elevated spontaneous mutation rate.
DISCUSSION
The results of these experiments demonstrate that fibroblasts from patients with Bloom syndrome have a 5-to 10-fold increase in their spontaneous mutation rates at the HGPRT locus over control fibroblasts. Because the rate was shown to be elevated through two separate methods and because other investigators (38, 42) have presented evidence that resistance to 6SGua (at 10 ,ug/ml) appears to be the result ofa genetic event at the locus Mutation rates, expressed as mutations per cell per generation, were calculated by using mean 6SGuar colonies per dish (either directly calculated or from the Po value) and Eq. 2. Another calculation of the spontaneous mutation rate was performed by using Eq. 3 and the directly calculated mean 6SGuar colonies per dish corrected for cloning efficiencies, which were determined at the time of selection. (5, 46) . The yield of spontaneous mutants is intimately correlated with the number of cell divisions (47, 48) ; thus, it is interesting that the majority of cancers in Bloom syndrome patients are found in tissues ofhigh proliferation, such as the bone marrow and gastrointestinal tract (49) . Furthermore, the observation of German et al. (10) that in some patients with Bloom syndrome a small proportion of lymphocytes exhibit a normal SCE frequency could be explained by a somatic back mutation to +/bl in a clone of progenitor stem cells.
Because Bloom syndrome cells have elevated chromosome breakage and SCE, it is conceivable that mechanisms enhancing either deletions or unequal exchanges in the region distal to Xq26, where HGPRT maps (50) , is responsible for the apparent mutator activity. Alternatively, the enhanced mutation rate may be the result of an abnormality in DNA replication. Because DNA polymerase activities appear normal in Bloom syndrome fibroblasts (51) , it is possible that replication is abberant due to influences such as abnormal deoxynucleoside triphosphate pools. Meuth et al. (29) and Chang et al. (30) have demonstrated mutator activity associated with Chinese hamster cell mutants having altered DNA precursor pools or slower growth rates. Furthermore, unbalanced deoxynucleoside triphosphate pools may lead to elevations in SCE frequencies (52, 53) .
In conclusion, these experiments support the hypothesis that Bloom syndrome fibroblasts have an elevated spontaneous mutation rate as compared with control fibroblasts. The in vitro cellular characteristics of slower growth rate and higher spontaneous mutation rate possibly associated with the bl/bl genotype is, in our opinion, consistent with the clinical phenotype. However, until further elucidation of the basic defect in Bloom syndrome is reached, the mechanism of the hypermutability remains unknown.
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